coal gasification processes, the content of phenols was 11-3,090 mg/L and depended on the chemical composition of coal and the parameters of the gasification process [4] [5] [6] . Phenol is a toxic, carcinogenic, teratogenic, and potentially mutagenic compound and it is therefore one of the most important substances for which the U.S. Environmental Protection Agency (US EPA) has set a maximum emission limit of 0.5 mg/L [7] [8] . For the same reasons, they determined a maximum phenols concentration in drinking water of 1μg/L. The conducted studies have shown that the use of chlorine to disinfect phenol-containing water leads to toxic 2-chlorophenol formation [9] . Phenols in concentrations over 2 mg/L are toxic to fish, and in concentrations from 10-100 mg/L cause the death of many aquatic organisms within 96 hours [10] . The removal of phenols from wastewater can be carried out by adsorption [11] [12] , extraction [13] , reverse osmosis, and nanofiltration [14] [15] , perflation [16] , and membrane distillation [17] . It is also possible to use chemical oxidation processes with ferrate(VI) and permanganate(VII) [18] [19] . Wet air oxidation (WAO) and catalytic wet air oxidation (CWAO) processes are also used.
In the second case, high temperature, high pressure, and catalyst additives are used [20] . Especially interesting and undertaken by many researchers seems to be the application of advanced oxidation processes (AOPs), which use hydroxyl radicals (OH•) formed in the reaction environment, which can react with most organic compounds, leading to their effective degradation. In addition to the classical Fenton method, its numerous modifications are used, such as: photo-Fenton or electroFenton processes, which usually lead to increased speed and final efficiency of the treatment process [21] . Among the methods of advanced oxidation, the H 2 O 2 /UV process is also used, whose advantage is that there is no need for the Fe(II) compounds presence to produce OH• and consequently avoid the formation of hydrated sediments of Fe(II) and Fe(III) hydroxides due to alkalisation of wastewater after the process is complete. The use of the advanced H 2 O 2 /UV oxidation process allows for the degradation of many harmful substances such as steroid estrogens, 17β-estradiol, estriol, 17α-ethinylestradiol, phenolic xenoestrogens, and bisphenol A [22] . The purpose of the conducted research was to determine the removal effectiveness of brominated phenolic compounds present in wastewater from underground coal gasification by means of coagulation-flocculation and H 2 O 2 /UV processes. In the first step of the coagulation process, apart from the conventional coagulants, such as Fe(II), Fe(III) and Al salts, we also used Zr(IV), Ti(IV),and anionic flocculant. In the second stage, the H 2 O 2 /UV process degraded phenolic compounds remaining in coagulated and flocculated wastewater.
Materials and Methods

Materials and Chemical Reagents
The research was carried out on a laboratory scale using post-processing wastewater originating from experimental simulation of the underground coal gasification process conducted in the Barbara Experimental Mine in Mikołów, Poland. Pre-filtered post-processing wastewater was collected in a 1,000-L closed tank to remove coal tar and other insoluble residues. 30 L of averaged wastewater was collected from the tank in order to carry out the present study. The selected physical and chemical parameters of the wastewater used are shown in Table 1 
MachereyNagel GmbH, Germany). Determination of phenols that are brominated in acidic medium at concentrations above 10 mg/L was carried out by bromometric titration method according to PN-72/C-04602/02. The concentration of the remaining H 2 O 2 was determined by manganometric method according to PN-72/C-04602/02. The excess of H 2 O 2, remaining after oxidation and alkalisation was removed using a stoichiometric amount of 10% Na 2 SO 3.
Methodology of Research
A three-step study was conducted on a laboratory scale. In the first stage, the concentration of the following ions: Fe(II), Fe(III), Al, Ti(IV), and Zr(IV) was tested in the aqueous solution with pH 2-10. For this purpose, sample solutions (acidified with concentrated HCl) of each metal used as coagulants with concentration of 100 mg/L were prepared. Then the pH was adjusted to a selected value in the range 2-10 with 30% NaOH. After stabilizing the pH, it was filtered through a syringe filter to separate the precipitated sludge and the concentration of metal in the filtrate was determined. The purpose of this stage of the study was to determine the pH value in which the solubility of the precipitated metal hydroxides is the smallest and hence the effectiveness of the coagulant should be the greatest. In the second stage of the study, coagulation of post-processing wastewater was carried out with each coagulant in the amount of 200 mg of Fe /L at pH 6.5, 7.5, 8.5, and 9.5. Coagulant was added to the measured amount of wastewater in an appropriate amount so that metal ion concentration was 200 mg/L. Then the pH was adjusted to a selected value, 0.025% of anionic flocculant solution in the amount equivalent to 4 ml/L was added, and phenols, COD, UV 254 concentration and exposure time on the phenolic content in oxidized wastewater (pH, UV lamp power, mixing speed, and process temperature adopted as constant) were studied. The pH 3 value at which oxidation was performed was based on the findings of the paper [23] . The effectiveness of post-processing wastewater was studied by means of coagulation-flocculation and combined coagulation-flocculation and advanced H 2 O 2 /UV oxidation. Table 1 shows the results of the post-processing wastewater from the Underground Coal Gasification (UCG) process, which was characterized by slightly alkaline pH (7.5), trace amounts of sulphides (0.81 mg/L), and slight turbidity (171 NTU). The tested wastewater was intensely brown colored (3320 mg Pt/L) and characterized by high concentrations of organic compounds (COD, TOC, N total ), including phenols (1360 mg/L). The effectiveness of coagulants used for the treatment of industrial and municipal wastewater depends on, among other factors, the pH at which the coagulation process is carried out. Conducting coagulation process at pH in which the solubility of the precipitated hydrated metal hydroxides is the smallest usually determines the significant efficiency of the process. for pH> 3 and were 0.2-0.0065 mg/L, whereas at pH 2 the concentration of Fe 3+ in sediment solution was 31.5 mg/L. For aluminum coagulant, the lowest concentrations of Al 3+ ions were found in pH range 4-9, while at pH 10 the concentration of Al 3+ was 42 mg/L. The conducted study showed that for pH between 6.25 and 8.75, the concentration of metal ions in sedimentation water was below 5 mg/L, and at pH above 8.75 a significant increase in Al 3+ concentration was observed. As a consequence, a preliminary study of the effectiveness of the coagulation-flocculation of postprocessing wastewater was conducted at pH 6.5, 7. , large, well-sedimented sludge flocs (for pH 6.5, 7.5 and 8.5) were obtained in the flocculation process. In the next step, the efficiency test of the coagulationflocculation process was carried out at pH 8 and using the increasing doses of each coagulant corresponding to 400, 600, 800, and 1,000 mg/L of Fe The results of our studies are shown in Table 3 . The lowest phenol concentrations (1,058-1,067 mg/L) were observed after using Fe 2+ (600, 800, and 1,000 mg/L), but as the coagulant dose increased, unacceptable increase in UV 254 (max. >0.287), color (max. >500 mg Pt/L), and turbidity (max. >400 NTU) took place. The increase in the color value of wastewater was also noted after using high doses of coagulant containing Fe ions. When coagulant containing Al 3+ ions was used, significant color reductions (82.5-84.3%) and turbidity (<10 NTU for each Al 3+ dose) were achieved. In addition, the use of aluminium coagulant was associated with the need for a slight pH adjustment and the formation of a considerable amount of precipitate; however, it consisted of flocks characterized by large size and fast sedimentation.
Results and Discussions
For Al 3+ doses in the range of 200-800 mg/L, similar concentrations of phenols, COD, UV 254 , color, and turbidity were obtained. For this reason, it was assumed that the treated wastewater prior to H 2 O 2 /UV treatment would be coagulated with an average dose of aluminium coagulant, i.e., 400 mg Al 3+ /L at pH 8. Therefore 10 one-liter wastewater samples were coagulated, which after averaging by mixing exhibited pH 8 and contained 1,100 mg/L of phenols. That wastewater was exposed in a photoreactor and the results of the carried out studies are shown in Fig. 2 . UV irradiation at pH 8 and 3 was associated with slight changes in phenolic concentrations, which varied between 1,073-1,030 and 1,052-1,009 m/L, respectively. Smaller values were reached after 90 min. of UV light exposure, then H 2 O 2 was added at 1, 2, 4, and 6 g/L. At all doses, the highest rate of reduction of phenolic concentrations was observed up to 60 min. duration of the process, after which the value of phenolic concentration varied only slightly. The highest difference in phenol concentration in treated wastewater was for H 2 O 2 doses of 1 and 2 g/L, while the difference was small when 4 and 6 g/L H 2 O 2 was used. Therefore, the use of H 2 O 2 doses greater than 4 g/L in the case of treated wastewater would be technically and economically unjustifiable. Therefore, for the purified wastewater we used the following optimum values for process parameters: pH 3, H 2 O 2 concentration 4 g/L, exposure time 90 minutes, UV lamp power 11 W, mixing speed 250 rpm, and temperature 19±1ºC. Use of the above parameters resulted in a decrease in phenols concentration from 1,100 mg/L (value after coagulationflocculation) to 95 mg/L (reduction by 91%). Other authors using zeolite obtained 93-100% reduction of phenol. The degree of phenol removal was dependent on the zeolite dose. In this case phenol is only adsorbed and does not decompose [25] . The application of membrane technique can remove 88% of phenol, which was separated as a condensed permeate [26] . Other authors also studied the removal of phenol using biological processes in the aerobic bioreactor with glass beads. The phenol removal rate of 89% was achieved. The application of anaerobic wastewater stabilization pond for phenol removal obtained 90% of phenol reduction [27] [28] .
In the presented study, taking into account the initial concentration of phenols in the post-processing wastewater (1360 mg/L), the use of the coagulationflocculation process (pH 8, 400 mg Al 3+ /L) allowed for a decrease in phenolic concentration to 1,100 mg/L (19.1%) and using the processes of coagulation-flocculation and advanced H 2 O 2 /UV oxidation, up to 95 mg/L (93%). The carried out studies show that phenol degradation in the post-processing wastewater took place in an acidic environment (pH 3), and the intensity of degradation increased with the increase in H 2 O 2 dose to 6 g/L, which affected the amount of OH• radicals formed per unit time. Intermediate phenol products identified and characterized in the literature, such as hydroquinone, p-benzoquinone and catechol, indicate that OH• radicals are involved in phenol decomposition, as schematically shown in Fig. 3 [29] [30] .
Conclusions
Our paper presents results of research on phenol removal from wastewater originating from an experimental simulation of the underground coal gasification process conducted in the Barbara Experimental Mine in Mikołów, Poland. 
